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PERFORMANCE OF EXPERIMENTAL CHANNELED-WALL. ANNULAR TURBOJET COMBUSTOR
AT CONDITIONS SIMULATING HIGH-ALTITUDE SUPERSONIC FLIGHT
I - U-SHAFED CHANNEL WALLS FOR SECONDARY-ATR ENTRY

By Bugene V. Zettle and Robert Friedmsn

SUMMARY

The performance of & channeled-wall annular turbojet combustor was
investigated at operating condltions representative of high-altitude su-
personic flight. The secondary-zone walls of the experimentsl combustor
were formed by U-shaped channels, sgpaced longitudinally and individually
supported; the space between the channels formed long rectangular slots
for the introduction of secondary air. The objectives of this design
were (1) reduction in pressure losses in the secondary zone and (2) im-~
proved combustor durability characteristics.

Combustion efficlencies were between 97 and 100 percent for combus-
tor reference veloclties up to 200 feet per second and average combustor-
outlet gas temperastures of 2000° F. Reasonably uniform ocutlet radial
temperature proflles were obtained. The total-pressure loss ranged from
3.5 to 8.5 percent for increasing velocitlies from 125 to 200 feet per sec=-
ond at a temperature retio across the combustor of ebout 1.85. This rep-
resents a reduction in pressure loss of one-third as compared with losses
for an earller experimental combustor design. Combustor-liner dursgbility
and carbon deposition were not evaluated in this investigation.

INTRODUCTION

Advencements in compressor and turbine design techniques indlcate
that higher air flows per unit frontal erea and higher turblne tempersa-
tures are possible in future engines. High supersonic flight speeds can
more easlly be realized with the greater power resulting from these higher
eir flows and temperatures. The results of the investigetions reported in
reference 1 indicate that turbojet combustors can be desligned to operate
at simulated supersonic flight conditions with velocities as high as 225
feet per second and average combustor-outlet gas temperstures of the order
of 2000° F. Combustion efficiencles @bove 95 percent and satisfactory
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outlet radlal temperature profiles were obtalined under these conditions.
Although the pressure losses of the combustors reported in reference 1
were consldered aecceptable, gains in thrust snd speciflc fuel consumption
can be realized with further reduction in pressure loss. Further, refer-
ence 1 indicates theat the problem of liner dursbility for combustor ap-
plications involving high tempersastures and pressures may be one of the
most dAifficult problems facing the combustor designer.

The preliminary investigetion reported herein is part of a resesrch
program at the NACA Lewis laboratory to determine design criterla of com~-
bustors for turbojet englnes operating at high altitudes and supersonic
flight speeds, Additional research has been conducted with one of the
combustors (combustor B) of reference 1 1n an effort to reduce pressure
loes and provide improved durebility characteristics of the combustor.
Limited performance date obtained with one modification are presented in
thie report. The design, which is similer in principle to a ram-jet con-
figuration of reference 2, incorporates U-ghaped chennels, spaced longitu-
dinally around the secondery mixing zone. The space between the channels
forms long rectanguler slots inclined toward the direction of flow of the
secondasry air. These individually supported channels, free to expand in
the axial direction, were expected to decrease warping of the liner wall
and to provide a deslgn capsble of wilthstanding higher pressure loadings
on the liner walls. ' ' o '

Performance was evaluated at a single inlet-air temperature of 870° F,
a range of inlet-air pressures from 10 tc 30 pounds per square inch gbso-
lute, and a range of combustor velocities from 125 to 200 feet per second.
Combustion efficiencies, pressure losses, and combustor-cutlet temperature
profiles were determined at these conditions. Combustor-liner durability
and carbon deposltion were not evaluasted during this investigation.

APPARATUS

Combustor
The combustor consisted of a one-quarter sector of & gingle snnular
combustor designed to fit into & housing with an outside diemeter of 25%

inches, an Inside dlameter of 10% inches, and a combustor length of approx-

imately 23 inches, The maximim combustor cross-sectional area of the
quarter sector was 105 square inches (420 8q in. for complete combustor).

A three-~quarter cutawsy view of the assembled combustor is shown in
figure 1, and a longltudinel cross-sectional view, in figure 2. The com-
bustor is a modification of combustor B of reference 1., The liner of com-
bustor B was cut off to a length of 10 inches, and the secondary walls
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were replaced with 12 channel-shaped pieces which were attached between
the downstream edge of the liner snd s heat shleld located nesxr the
turbine-inlet section (fig. 2). The bottom channels had additional slots
cut in them to provide the required secondery-air entry area. The fuel
was Injected, as in combustor B, through nine hollow-cone swirl-type noz-
zles (10. 5-gal/hr flow capacity, 60° spray angle) at the upstream end of
the combustor liner. MIL-F-5624B, grade JP-4, fuel wes used throughout
the investigation. .

-

Instellation

A schematic diagram of the combustor installation is shown in figure
3., Air of desired quantity, pressure, and temperature was drawn from the
leboratory aslr-supply system, passed through the combustor, and exhausted
into the altitude exhaust system. Combustor-inlet temperatures were con-~
trolled primarily by a gasoline-fired heat exchanger, but an additionel
direct-fired preheater in the inlet plenum chamber was required Por inlet
temperstures exceeding 650° F.

Instrumentation

The instrumentation stations are shown in figure 3. Combustor-inlet
total temperatures were measured with four bare-wire chromel-slumel thermo-
couples at station 1. Inlet total pressures were messured gt the same sta-
tion with nine totel-pressure tubes, using three tubes in each of three
rekes., Combustor-outlet temperastures and pressures were measured at sta-
tion 2 with the polar-coordinate traversing probe mechanism shown sche-
matically in figure 4. The probe conslsted of two elements: a sonic
aspirating-type pletinum, platinum-rhodium thermocouple and a total-
pressure tube. The prcobe surveying mechanism moved the probe in a path
that included five circumferential sweeps at centers of equal areas, as
shown in figure 5. A strain-gage plckup measured the difference between
the total pressure sensed by the probe and the static pressure measured
at selected points on the combustor wall; this difference was considered
representetive of the dynamic pressure. A two-pen X-Y recording poten-
tiometer recorded a continuous trace of the tempersture and dynamic
pressure. Pen traces were made only during circumferential movement of
the probe.

Calibrated rotameters and sharp-edged orifices were used to measure
fuel- and air-flow rates, respectively.
PROCEDURE

The test conditlions for which data sre presented are listed in the
first five columms of table I. Condition C is the standard condition
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corresponding to an engine with a compressor pressure ratioc of 7 operat-
ing at & flight Mach number of 2.5 and an altitude of 70,000 feet. ST

Combustion efficiency, outlet temperature profile, and pressure -
losses were evaluated for the experimental combustor. Combustlion effi-
clency was computed as the percentage retio of actusl to theoretical in-
crease in enthalpy from the combustor-inlet ta the combustor-outlet in- =T
strumentation sectlions by using the method of reference 3. The arithmetic -
mean of the average tempersture of the five circumferential traces at the -
combustor outlet was used to cobtain the value of the combustor-outlet gas _j?“fiﬁ
enthalpy. The pressure loss was computed as the percentage ratlo of total-
pressure loss through the combustor to the inlet totel pressure. i

RESULTS

Cowbustion-efficlency and pregsure-drop datae obtained at the five
operating conditions with the channeled-wall coubustor are summarized . .
in table I. “

Combustlion Efficlency -

Effect of velocity. - The effect of-combustor reference velocity on
combustlon effliciency is shown 1n figure 6 for a constent inlet-air tem- T
perature of 870° F, an inlet-air pressure of 25 pounds per square inch . N
gbsolute, and an average combustor-ocutlet temperature of approximately
2000° F. The combustion efficilency remained essentislly constant (at 97
to 100 percent) over a range of reference velocitles from 125 to 200 feet L
per second. Combustor reference veloclty, as discussed herein, is based "
on the density of the combustor-inlet air and on the maximum cross- -
sectional area of the combustor housing. : o

Effect. of .pressure. - The effect of combustor-inlet pressure on com- -
bustion efficiency is shown in figure 7 for & constant combustor inlet-air
tempersature of 870° F, an average outlet temperature of 2000° F, and =
reference veloclty of 160 feet per second. The combustion efflciency de-
creased from 99 percent at 25 pounds per square inch sbaolute to 86 percent
et 10 pounds per square inch sbsolute. — e

Combustor-Outlet Temperature and Pressure Profiles

Reproductlions of tempersbure and pressure survey traces for a typlcal
run, corresponding to condition E, are shown in figure 8. These traces
1llustrate the varistions of temperature and pressure along easch clrcum- -
ferential probe path shown in figure 5. From these traces combustor—outlet o
contour patterns of lines of equal temperature and dynemic pressure were o
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constructed, as presented in figure 9. The tempersture patterns (fig. 9
(e)) indicate large circumferential variations but comparatively small
radisl tempersture changes st any given circumferential position. The
large cilrcumferential temperature gradlents are probsbly due to the influ-
ence of the combustor walls and would not be expected in a full-annulus
conbustor that did not contein side walls., The dynamic-pressure patterns
(fig. 9(b)) show little variation circumferentiaslly but decrease radially
toward the ocuter wall. The lines of constant dynamic pressure in figure
9(b) also correspond to constent Mach number, as indicated on the figure.

The radiel outlet gas-temperature profile using aversge circumfer-
ential readings for the run illustreted in flgures 8 and 9 is shown in
figure 10, The observation that the radisl temperature gradient in fig-
ure 9(a) is small is confirmed by this profile of averages, in which the
meximim temperature deviation over the extreme radial positions of probe
sweep, 18 only 160° F. As noted previously, the dynemic-pressure contours
disclose a radial decrease 1n pressure and Mach number, and consequently
mass flow, from root to tilp. Preliminary calculations, however, indicate
that the change in mass flow is not sufficlent to require mass welghting
of temperetures for the calculation of combustion efficiency.

Combustor Pressure lLosses

The percent of total-pressure loss 1s shown as a function of refer-
ence velocity in figure 1l. Outlet total pressure was calculated from the
over-all average dynsmlc pressure and the statlc-pressure Indication; in-
let pressure measurements were tasken from the inlet total-pressure tubes.
The pressure loss increased from gbhout 3.5 to 8.5 percent over & range of
velocitles from 125 to 200 feet per second at a temperabure ratio across
the combustor of gbout 1.85. These pressure losses are less than two-
thirds of those shown for combustor B of reference 1.

DISCUSSION

Combustor durebllity at operating conditions of high outlet tempera-
tures and high combustion-chamber pressures was one of the prime consider-
ations in the combustor design discussed herein. It was hoped to achieve
good dursbility by using many lndivlidually supported small pieces for the
combustor walls, wlth each plece free to expend and contract independently.
The results reported are preliminary; the durgbility characteristics of
this modificetion were not adequately evaluated. Nevertheless, the design
features do show promise for obtaining good combustor dursebility. The com-
bustor was operated for gbout 6 hours with little sign of deterioration and
no shift in temperature patterns with time. Furthermore, no carbon depos-
its were observed; esgain, however, no attempt was made to evaluate this
characteristic specifically.
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The combustion-efficiency daeta shown substantiate the conclusion of
reference 1 that high combustion efficiency can be obtained at the high
combustor reference velocltlies that are anticipated in future turbojet
engines operating at high altitudes end supersonic flight speeds. Com-
bustion stebllity and efficlency are satlsfactory at pressures as low as
10 pounds per square inch ebsolute. However, from figure 7 1t can be seen
that efficlency decreased rapidly at pressures near lO pounds per square
inch absolute. .

A true measure of the circumferentiel btemperature veristions to be
expected in a full-anmilus combustor is not possible with the one-quarter-
sector test combustor used in thls investigation., However, the maximum
average radial temperature devistion of only 160° F shown in figure 10 can
be considered sn excellent indicetion that a uniform radisl tempersature
profile at high outlet temperstures is possible with the secondary-zone
deslgn used, in view of the fact that circumferential variations shown

on the traces in figure 8 would not be expected 1n a full-annulus deslgn not

containing side walls.,

It is believed that the sharp reduction in pressure losses cobserved
in this experimental combustor is a result of lower entry and mixing
losses in the secondary zone. The principal difference between thls com-
bustor and combustor B of reference 1 is that the secondary zone is formed
by diverging channels and long rectangular slot openings sloping into the
patL of the incoming secondary sir. As the secondary air enters through
the spaces between the U-sheped channels and penetrates inward, the hot
gases spread outward toward the sheltered reglon underneath each of the
channels and mix with the cold air. In addition, the secondary nixing
zone extends from well to wall of the combustor houslng, because the
channels diverge to the walls downstream. Thus, the entire svailable
flow area is used for mixing, and the average velocity in this mixing

region 1s reduced.

CONCLUDING REMARKS

The turbojet combustor investigated operated with high efficiency
and satisfactory radial temperature profiles at simulated supersonic flight
conditions. The pressure losses of this combustor st high reference veloc-
itles were less than two-thirds of those of earlier experimental combus-
tors. While the durability characterlstics of this design were not deter-
mined, features incorporated Into the design showed promise of providing
adequate durability.

Lewls Flight Propulsicn Leboratory
Netlional Advisory Committee for Aeronautics
Cleveland, Ohlo, December 9, 1954
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TABLE I. - EXPERTMERTAL DATA

Condi-| Combuator-| Combustor | Combustor-| Combustor-|Total| Fuel-|Combustion | Total- Total-
tion |inlet reference|inlet outlet sir alr |efficlency,|pressure |pressure
total veloclty, |tempera- |average flow,| ratlo| percent |drop loss,
pressure, | ft/sec |ture, tempera- | 1b/ through |percent
1b/eq in. {a) o ture, sec combustor,
abs O 1b/sq in.
A 9.8 160 860 2090 2.35|0.0231| 85.6 0.47 4.8
B 14.7 160 870 2030 3.53| .0195| 94.7 .63 4.5
C 25.0 160 860 1930 5.8 .0170 93.7 1.22 4.9
D 24.7 125 860 2050 4.60|( .Q196 96.8 .71 3.5
B 25.0 200 840 1960 7.37| .0180| 99.6 2.13 8.5 |

®Besed on maximm combustor cross-sectionsl erea of 105 eq in. and combustor-inlet gir density.
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Flgure 1. - Three-quarter cutavay view of experimental charmeled-wall annular conbustor.
aagenbled in housing.
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Pigure 2. - Longltudinsl cross-sectional view of experimental chammeled-well ammlar combustor.

(Dimensions are in inches.)
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Figure 5. - Paths of probe tip of polar-coordinate gurvey 8ystem acroes combustor-outlei section, showing circumferential
sweeps at five radii at centers of equal areas.
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Figure 6. - Effect of vélocity'on comﬁustion efficlency of experimental annular combustor.  Inlet-air pressure,

25 pounds per square inch absolute; inlet-alr temperature, 870° ¥; average outlet temperature, 2000° F.
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Figure 7. - Effect of presgure on combustion efficilency of experimental
annular combustor. Reference veloclty, 160 feet per second; inlet-air
tempersature, E!NOo F; average outlet temperature, 2000° F.
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(a) Temperature surveys.

Filgure 8. - Experimentsl-combustor exhaust measurements
taken by polar-coordinate survey system. Reference veloc-
ity, 200 feet per second; inlet-air pressure, 25 pounds
ver square inch absolute; inlet-air temperature, 840° F;
outlet temperature, 1980° F.



S NACA RM E54121s

jeqg

Dynamic pressure, 1b/sq in.

1.5~ Survey paths
(fig. 5)
l.o — l
05 -
1.5 —W 2
i1.0L

1-5TM 3

1.5+
2.0
5
1.5 T T
1.0 ] j P ] | |
45 30 15 0 5 30 45

Circumferential angular position within 90°
crose sectlon, deg

(v) Pressure surveys.

Figure 8. - Concluded. Experimental-combustor exhaust meas-
urements taken by polar-coordinate survey system. Refer-
ence veloclty, 200 feet per second; Inlet-air pressure, 25
pounds per squere inch ebsolute; inlet-alr temperature,
840° F; outlet temperature, 1980° F.
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(a) Isothermal patterns, °F.

Filgure 9. - Contour patterns at outlet of experimenta]l channeled-wall asnnular
combustor. Reference veloeity, 200 feet per second; inlet-alr pressure,
25 pounds per square 1nch sbgolute; inlet-alr temperature, 840° F; average
outlet temperature, 1980° F.
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(b) Iecbaric patterns of dynamic pressure, pounds per square inch,
(Maeh mumber velues in parentheses.)

Figure 9, - Concluded. Contour patterns at outlet of experimental channeled-
wall anpular combustor. Reference velcelty, 200 feet per second; inlet-air
preasure, 25 pounds per square inch abeolute; inlet-air temperature, 840° F;
average outlet tempesrature, 19800 F.
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Filgure 10. - Radial temperature profile at outlet of experi-
mental annular combustor. Reference veloeclty, 200 feet
Per second; inlet-alr pressure, 25 pounds per squere inch
ebsolute; inlet-alir temperature, 840° F; outlet tempera-
ture, 1980° F.
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temperature, 2000° F.
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